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In this research, age composition and growth trajectory of marbled flounder 
Pseudopleuronectes yokohamae from different coastal waters in Japan were examined 
and compared using field collection combined with the analysis in macrostructure of 
otoliths. Significant differences of growth were found both among different populations 
and between males and females in each population, there was also a wide variation in 
otolith kernel size found in these populations. 
Based on the physical environmental factors, it was suggested that water 
temperature affected the kernel size among these sampling areas. We investigated the 
effects that water temperature influenced the formation of opaque and translucent zones 
in otolith kernels through a rearing experiment using juvenile marbled flounder. Both 





Besides water temperature, another important factor in sea water that may affect 
the growth of otoliths was salinity. We investigated how changes in salinity influenced 
the formation of opaque and translucent zones in otolith kernels through rearing 
experiments, which showed that changes in salinity can influence both fish body and 
otolith kernels formation. In order to determine which factor is more important between 
water temperature and salinity, we had another rearing experiment using different 
temperatures and salinities. Results indicated that water temperature played a more 
important role in affecting otolith kernels formation. 
Besides the physical environmental factors, some other chemicals may also have 
effect on otolith kernels formation. In this research, we investigated the effect of 
caffeine, and found that caffeine concentration did have influence on both fish body 







 Otolith is not only an inner structure in teleost fish served as a balance organ and 
aid in hearing (R. P. Rodriguez Mendoza 2006; Campana 1999; Campana & Thorrold 
2001), or a tool in age determination, it can be used in many researches of fish. 
Because of the constant and unique shape in one species, and the sizes of otolith 
varies considerably among species, that otoliths can be used in species identification 
(Campana et al. 2001). Moreover, the use of otolith morphology allows us to identify 
some key ecological life history fish events, and assess the population structure of 
commercially important fish stocks. 
 In the otolith morphology, formation of the opaque and translucent zones are the 
most important contents in otolith research and many applications of otolith were 
based on the alternating appearances of opaque and translucent zones in otolith, such 
as estimating the age of fish, in which the formation of opaque-translucent zone was 
used as the annual increment ring, but the mechanisms underlying the annual 
periodicities in the formation of these zones remain unknown (Katayama 2018), 
especially the otolith kernel, it may have some differences in growth with other zones 
in otolith due to the endogenous factors in juveniles early-life stage, which indicates 
that the genetic factors and physical environmental factors may both have influence 
on the formation of otolith structures (Campana et al. 1985). There are four types of 
opaque zones in fish otolith: type A is a dark zone, displaying minute, dense crystals 
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formed during early–life stage; type B comprises an aggregation of grooves and 
discontinuous crystals; type C is a washy black zone formed during active growth 
period; and type D has deep grooves, appears luminous in transmitted light formed 
during the spawning season (Katayama 2018), and the otolith of target species in this 
research, marbled flounder, belongs to type A. 
Marbled flounder is one of the most important economical flatfish species in 
Japan. Many researches in the age and growth of marbled flounder using otoliths in 
Japan have been carried out using otoliths (Kooka et al. 2000; Tanda et al. 2008; 
Kume et al. 2006), however, there is lake of researches in comparing age and growth 
among different areas, and similar to other type-A species, the formation mechanism 
of otolith is unknown, there is still no study focus on the formation of otolith in their 
early-life stage. 
Water temperature is an important factor that influences fish feeding and growth, 
and the growth of otolith is also affected by fish growth (Kusakabe et al. 2017). 
Besides water temperature, salinity is another important factor in sea water that 
influence the aquatic lives. Many studies have reported that growth and metabolic of 
teleost fish are influenced by salinity (Lisaboa et al. 2015), and among the 
environmental parameters affecting fish growth, salinity is a determinant factor for 
fish growth (Jobling 1994). Caffeine, a biological active drug, is recognized as a 
contaminant of freshwater and marine systems. As one of the most widely consumed 
drugs in the world, the sources of caffeine to freshwater and marine systems are 
primarily anthropogenic, which is closely related to human activities (Zoe Rodriguez 
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del Rey et al. 2012). It seems still not serious in Japan, and few researches have been 
done in this field, but the caffeine in environment is getting more attention, and the 
effect of caffeine on marine lives is also important.  
 There are many questions about the otolith of marbled flounder, such as the 
difference of age and growth among different populations determined by otoliths; the 
formation patterns of otoliths in their early-life stage, does the water temperature, 
salinity, caffeine have effect on the otolith kernel formation. And in this research, 
these questions will be answered.  
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Chapter 1  




Flatfish comprise an important part of global marine fisheries, representing 2.1 % of 
total fish weight landed and 1.6 % of commercial fishery value (FAO The State of World 
Fisheries and Aquaculture 2016). In Japan, marbled flounder is one of the most 
commercially important flatfish species. 
Marbled flounder is a kind of demersal fish, found on coastal sandy and muddy 
bottoms. This species is widely distributed in Japanese waters, from southern Hokkaido 
to Oita Prefecture, and is also caught in the Yellow Sea, the Bohai Sea and the northern 
part of the East China Sea (Lee et al. 2009). Age and growth can be used to estimate 
important parameters, such as growth rate and longevity, which can reflect the growth 
trajectory of marbled flounder. Comparing these parameters among different areas can 
also help in understanding how different environmental factors influence the growth of 
fish. Otoliths are an important tool in fish age determination. Otoliths are crystalline 
structures composed of calcium carbonate, contained in an endolymphatic sac of teleost 
fishes. They are mechanical components of the sound transduction mechanism 
responsible for hearing in fishes (Gauldie et al. 1990). The age structure and longevity 
of a fish species is important in comparing age and growth among various waters. The 
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age of marbled flounder is usually determined by interpreting and counting growth 
rings on the whole otoliths (Kume et al. 2006; Lee et al. 2009). Generally, the largest 
of three types of otoliths, the sagitta, which is contained in the endolymphatic sac, is 
used for analysis (Gauldie et al. 1990).  
There are reports of significant differences in the weight-length relationship 
exhibited by male and female marbled flounder (Jawad et al. 2017). Analyzing the 
parameters of the weight-length relationship by sex, values for males were higher than 
females (Dagang et al. 1992) and growth of females was faster than that of males (Kim 
et al. 2015).  
There have been numerous studies on the age and growth of marbled flounder from 
different locations in Japan (Kooka et al. 2000; Tanda et al. 2008; Kume et al. 2006). 
However, there has been little research comparing the age and growth of marbled 
flounder from different waters to reveal the life history traits in each area. This study 
aims to compare the age and growth of marbled flounder from coastal waters around 
Japan using otoliths, to investigate whether there are differences between locations, and 





1.2 Materials and methods 
 
1.2.1 Sampling and laboratory analysis 
In order to compare the age and growth of marbled flounder among different areas, a 
total of 3344 specimens were collected from six different sampling areas along the 
coastal waters in Japan (Fig. 1-1). 
Total length (TL) of sample was measured to the nearest millimeter (mm), without 
correcting for shrinkage because the measurement was done rapidly after landings, the 
sex of each sample was determined by visual examination of gonads (Kooka et al. 2000). 
The sagittal otoliths of marbled flounder were dissected out, cleaned with stilled water 










Fig. 1-1 Map of Japan, showing the sampling areas at which marbled flounder were 
collected. All the samples were collected by commercial fishing vessels, fishing gears 






1.2.2 Otoliths observation and age determination 
In this research, all the otoliths were observed using the surface reading method to 
determine the age of samples. In general, otoliths grow thicker with the somatic growth 
of fish, which may make the annual structures (annuli) invisible by surface reading, that 
the sectioning method is necessary (Lee et al. 2009). And in marbled flounder, otoliths 
of samples older than four years old were unclear to determine their age, which caused 
many underestimated results. Therefore, in this research, surface reading method was 
conducted for all the samples, and for samples older than four years old, sectioning 
method was conducted. 
In marbled flounder, two sagittal otoliths are not absolutely same, and the otolith 
from the blind side of fish is better for the age determination for surface reading method, 
where the innermost opaque zone is located in the center of the otolith, and the annuli 
1are more visible than that in the otolith of the eye side (Polat et al. 2001). However, in 
this research, some of the otoliths from the blind side were lost, and there was no 
difference found in the number of annual rings in otoliths from either the blind side or 
the eye side. Therefore, we observed the otoliths from both blind side and eye side for 
age determination. 
In the sectioning method, we selected the samples that older than four years old. 
Their otoliths were placed in the clay, and filled with polyester resin. Each resin block 
contained about 30 otoliths, and sectioned transversely from the otolith kernel zones. 
Each section was mounted on a glass slide using wax and polished with sandpapers. All 
the samples were observed under reflected light on a black paper using an encoded 
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stereomicroscope (M165C; LEICA Microsystems, Wetzlar, Germany). A digital camera 
attached to the microscope (DFC295; LEICA Microsystem, Wetzlar, Germany) was 
used to take photos of otoliths for the further analysis. 
For the age determination, the percentage of samples with the annual ring appeared 
at the otolith edge for each month was measured, to confirm if the otolith annuli were 
formed annually. In order to determine the age of marbled flounder accurately, the age 
of fish was estimated to increase by one year on January 1st (Kume et al. 2006), and 
the age of each sample was calculated using the following equation: 
 
𝑡 = 𝑅 +





Where t is the age (in years), R is the number of annual rings on the otolith, M is the 
month of landing, and D is the date of landing. 
 
In order to analyze and compare the age and growth of marbled flounder from each 
sampling areas, von Bertalanffy growth equation was used to fit the growth curves of 
age-total length data. The equation was: 
 
𝐿𝑡 = 𝐿∞(1 − 𝑒
−𝑘(𝑡−𝑡0)) 
Where Lt is the total length at age t, L∞ is the asymptotic length, K is the growth 
coefficient, and t0 is the hypothetical age when total length would be 0. In this study, t0 
was set to 0 for all analyses, because t0 widely tends to fluctuate with body size 
composition. 
 
 The parameters of the von Bertalaffy growth equation were estimated using Solver 
method on Excel 2016 (Microsoft, Redmond, WA, USA), which implements a quasi-
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Newtonian method for nonlinear least-squares parameter estimation (Tokai et al. 1997). 
Based on the Solver method, the von Bertalanffy growth equations for samples collected 
from each sampling area were divided by males and females separately. 
 
1.2.3 Data analysis 
The von Bertalanffy growth curves were compared among and within populations 
by gender, to compare the age and growth of marbled flounder from different coastal 
waters. The F-test was used to analyze the differences in growth equations among 














1.3.1 Otoliths observation and growth rings formation 
There was no significant difference in the ratio of the appearance of annual rings at the 
edge of otoliths between sexes, so the otolith margins of both sexes were analyzed 
together. The percentage of individuals with an opaque zone at the margin of otolith 
changed seasonally (Fig. 1-2).  
The opaque zones at the most outer margin of the otolith appeared from December 
and peaked in April. Only few individuals collected between June and December were 
recorded with the appearances of opaque zones at the otolith margins. This result 
suggested that the opaque zone was formed only once a year , and coinciding with the 
spawning seasons of marbled flounder around Japan (December ~ April). Therefore, 
the opaque zone was used as the annulus on the age determination for the marbled 










Fig. 1-2 Monthly changes in the percentage occurrence of opaque and translucent zones 




































Fig. 1-3 Otolith dissected from a marbled flounder at the age of 2+ years old. Number 
is the estimated age for this otolith by counting growth rings, T is the translucent zone, 











1.3.2 Age and total length structure of marbled flounder 
In order to analyze the age and total length (TL) compositions, the TL frequency 
distributions were made for each population with 25 mm intervals in TL, colors 
represented the different ages of samples (Fig. 1-4), in which the age-TL compositions 
were different among populations, and the total length (TL) frequency distributions 
were also different among populations (Fig. 1-5). 
The samples collected from these six coastal waters varied in the total length as 
shown in Fig. 1-4. The minimum length was 89 mm, and the maximum was 544 mm 
ranged from 1 to 8 years in age. 
Fish with a minimum total length of 89 mm was collected from Kagawa prefecture, 
whereas the bigger fish with a maximum total length of 544 mm was collected from 
Miyagi prefecture. Although the samples collected from Yamaguchi prefecture had an 
oldest age group (8 years old) and maximum total length at 453 mm, which was smaller 
than those in the maximum age group of 7 years old with a maximum total length at 
485 and 544 mm from Chiba and Miyagi prefectures respectively (Fig. 1-4). 
From all the six sampling areas, the majority of samples were estimated to be 2 and 
3 years of age, with very few individuals recoded over 7 years old. The majority of 
samples ranged from 200 to 350 mm in total length (Fig. 1-4). 
For samples collected from Kagawa prefecture, males ranged from 145 to 428 mm 
in total length with the common size at 251-275 mm which took the lowest percentage 
(22%) compared with other waters. Whereas for the females the lowest proportion (21%) 
was found in Miyagi prefecture where the samples ranged from 203 to 544 mm in total 
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length with a common size at 301-325 mm. The highest proportion was found in Niigata 
prefecture, in which the males ranged from 232 to 320 mm in total length and common 
size at 251-300 mm took 64% of all samples, while the females ranged from 222 to 386 
mm in total length with the common size at 226-300 mm took 61% of the whole female 










Fig. 1-4 Age and total length compositions of marbled flounder. Samples were 
collected from Kagawa Prefecture (A), Yamaguchi Prefecture (B), Chiba Prefecture 









Fig. 1-5 Length-frequency distribution of male and female marbled flounder collected 
from each sampling areas. Kagawa Prefecture (A), Yamaguchi Prefecture (B), Chiba 






1.3.3 Comparison of the growth curves and equations 
The relationship between age and total length can be fitted using von Bertalanffy growth 
model, and in this research, the Solver method on Microsoft Excel was used to back-
calculate the total length at each age (Table 1). 
The von Bertalanffy growth equations and curves of marbled flounder in each 
sampling area derived from the predicted total length were as follows: 
 
Kagawa Prefecture: (F = 1.44 P < 0.01) 
Female: 𝐿𝑡 = 413.2 (1 − 𝑒
−0.533𝑡) 
Male: 𝐿𝑡 = 364.46 (1 − 𝑒
−0.592𝑡) 
Yamaguchi Prefecture: (F = 1.45 P < 0.05) 
Female: 𝐿𝑡 = 399.45 (1 − 𝑒
−0.501𝑡) 
Male: 𝐿𝑡 = 374.52 (1 − 𝑒
−0.609𝑡) 
Chiba Prefecture: (F = 1.74 P < 0.01) 
Female: 𝐿𝑡 = 419.22 (1 − 𝑒
−0.560𝑡) 
Male: 𝐿𝑡 = 353.79 (1 − 𝑒
−0.680𝑡) 
Niigata Prefecture: (F = 3.89 P < 0.01) 
Female: 𝐿𝑡 = 480.57 (1 − 𝑒
−0.320𝑡) 
Male: 𝐿𝑡 = 309.46 (1 − 𝑒
−0.774𝑡) 
Miyagi Prefecture: (F = 0.39 P < 0.01) 
Female: 𝐿𝑡 = 485.77 (1 − 𝑒
−0.340𝑡) 




Hokkaido: (F = 0.95 P < 0.05) 
Female: 𝐿𝑡 = 464.26 (1 − 𝑒
−0.284𝑡) 
Male: 𝐿𝑡 = 400.34 (1 − 𝑒
−0.345𝑡) 
Where the F values were calculated to compare formulae of male and female. 
 
In these six sampling areas, significant difference was found in growth between 
male and female fish (Fig. 1-6), in which the female fish showed a higher growth rate, 
maximum total length and asymptotic age than males. However, in Niigata and Miyagi 
Prefectures, male fish has a better growth than females before 2 years old, and after that, 







Table 1-1 Predicted total length using back-calculate method (MS-Excel) at each 
estimated age of marbled flounder in different sampling areas. 
 
Predicted length (mm) at each estimated age 
Estimated age Kagawa Yamaguchi 
  Both sexes Female Male Both sexes Female Male 
1 167.0 170.8 162.9 156.8 157.5 158.6 
2 262.8 271.0 253.0 249.2 252.9 244.8 
3 317.7 329.8 302.8 303.6 310.7 291.7 
4 349.2 364.3 330.4 335.7 345.7 317.2 
5 367.2 384.5 345.6 354.5 366.9 331.0 
6 377.6 396.4 354.0 365.6 379.7 338.6 
7 383.5 403.3 358.7 372.2 387.5 342.6 
 
 
Predicted length (mm) at each estimated age 
Estimated age Chiba Niigata 
  Both sexes Female Male Both sexes Female Male 
1 175.4 179.7 173.9 136.9 131.4 166.8 
2 272.5 282.4 262.4 228.3 226.9 243.7 
3 326.4 341.0 307.3 289.3 296.3 279.2 
4 356.2 374.5 330.2 330.0 346.7 295.5 
5 372.7 393.7 341.8 357.2 383.3 303.0 
6 381.9 404.6 347.7 375.3 409.9 306.5 
7 386.9 410.9 350.7 387.4 429.2 308.1 
 
 
Predicted length (mm) at each estimated age 
Estimated age Miyagi Hokkaido 
  Both sexes Female Male Both sexes Female Male 
1 148.4 140.1 170.5 117.4 114.7 116.8 
2 244.8 239.9 257.3 201.2 201.1 199.6 
3 307.3 310.8 301.5 260.8 266.1 258.2 
4 348.0 361.3 324.0 303.4 315.0 299.7 
5 374.4 397.2 335.4 333.7 351.9 329.0 
6 391.6 422.8 341.3 355.3 379.7 349.9 









Fig. 1-6 Von Bertalanffy growth curves for male and female sampled from six 
different sampling areas. Kagawa Prefecture (A), Yamaguchi Prefecture (B), Chiba 




1.3.4 Variation in otolith kernels 
The size of otolith kernel zones was measured to nearest 0.01 millimeter of each 
sampling areas respectively. The kernel length of otolith collected from Kagawa 
Prefecture ranged from 0.49 mm to 2.33 mm; for Yamaguchi Prefecture, it ranged from 
0.93 mm to 2.36 mm; for Chiba Prefecture, it ranged from 0.78 mm to 2.65 mm; for 
Niigata Prefecture, it ranged from 0.66 mm to 1.65 mm; for Chiba Prefecture, it ranged 
from 0.94 mm to 2.43 mm; for Miyagi Prefecture, it ranged from 0.61 mm to 2.25 mm; 
and otolith kernel size ranged from 0.47 mm to 1.59 mm in Hokkaido.  
Otolith kernel size of fish collected from Hokkaido were significantly smaller than 
others, Niigata and Miyagi Prefectures were also smaller. The otoliths of Chiba 

















Table 1-2 Mean otolith kernel size and standard deviation (SD) of marbled flounder 
















1.4.1 Increment formation of otolith and age determination 
The results of this study showed that the opaque zone of the marbled flounder otolith 
was formed once a year in all of the sampling locations. The first translucent zone 
appeared around the end of the spawning season as confirmed in otolith observation of 
this study. Therefore, the outer margin of the translucent zone was regarded as the 
annulus for age determination. The data showed that there was no significant difference 
in the growth pattern in otoliths of marbled flounder collected from the different 
sampling locations. The results were in similar with those for marbled flounder from 
other locations, and for other flatfish species (Tomiyama et al. 2016; Jawad et al. 2017). 
In the present study, it was assumed that all specimens spawned on January 1st. To 
accurately determine the spawning season of marbled flounder, the daily growth 
increments of otoliths from juvenile marbled flounder should be investigated. 
 
1.4.2 Age and growth of marbled flounder 
In this research, females were found to have greater longevity and TL than males at all 
six sampling locations. Solomon et al. (1987), Tanda et al. (2008), Shafieipour et al. 
(1999) and Kim et al. (2015) reported the same results from studies in Japan and Korea. 
Similar results have also been recorded for other flatfish species, including southern 
flounder, Paralichthys lethostigma Jordan & Gilbert, 1884, and blackfin flounder, 
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Glyptocephalus stelleri (Schmidt, 1904) (Fischer et al. 2004; Yang et al. 2012). 
The marbled flounder in Miyagi Prefecture and Niigata Prefecture showed the 
greatest L∞ and growth rate, while male fish in Niigata showed the lowest growth 
among these six areas, and Hokkaido male fish has the highest growth rate. Previous 
studies on age and growth of marbled flounder in Japanese waters found similar trends 
(Shafieipour et al. 1999). The growth of marbled flounder is mainly affected by water 
temperature, which can influence feeding and growth. The food consumption rate of 
marbled flounder generally increases with water temperature but decreases below 5 ℃ 
or above 25 ℃ (Kooka et al. 2000). This indicates that water temperature is an 
important factor which may explain geographical variations in growth rate. Fonds et al. 
(1992) and Iwata et al. (1994) reported that water temperature has a similar effect on 
European flounder, Platichthys flesus (Linnaeus, 1758) and Japanese flounder, 
Paralichthys olivaceus (Temminck & Schlegel, 1846). Kooka et al. (2000) reported that 
L∞ was 415 and 362 mm for female and male fish, respectively, in Hokkaido between 
1989 and 1991(Shafieipour et al. 1999). In the current study, L∞ values from Hokkaido 
were 464 and 400 mm for female and male fish, respectively. The lengths recorded in 
the current study are greater than those of previous studies. There is a lack of 
environmental data in the previous studies for comparison with the present study. The 
global warming may cause the increasing growth rate of marbled flounder recorded in 
this study. 
As seen in Fig. 1-4, total length and age composition showed that in Miyagi 
Prefecture, no fish was recorded under 200 mm, and almost all fish were over one year 
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of age. In Miyagi Prefecture, a gill net was used for sample collection. The smallest 
mesh size of the gill net is bigger than other fishing gears, which led to the difference 
in TL and age composition of marbled flounder from this location. It also suggested 
that fishing pressure in Miyagi Prefecture may be less than other areas. 
Other than the different fishing gears used in sampling, stocking density also has 
great influence in the growth and size-frequency distribution. With the lack of 
population density data in each sea area, we chose catch per unit effort (CPUE) data as 
an index to reflect the population level of marbled flounder (Lee et al. 2009b). The 
CPUE in Seto Inland Sea is greater than that in Tokyo Bay, which indicated the 
population density in Seto Inland Sea is higher, and both in female and male fish. The 
growth in Chiba prefecture is better than that in Kagawa and Yamaguchi prefecture (Fig. 
7a, b), which implied that the lower population density can offer a more optimum 
environmental condition for organisms. However, in other sea areas, the CPUE data 
was hard to compare together because of the different unit and effort of fishing gears. 
In addition to the significant differences in the growth rate of marbled flounder in 
different coastal waters, the TL composition also showed differences. The proportion 
of small fish in Kagawa and Yamaguchi prefecture was higher than in other locations, 
and Chiba prefecture had a higher proportion of younger fish than others. These three 
areas did not show a significant difference in average water temperature, in which the 
annual water temperature in the Seto Inland Sea is 10 ~ 27, and in Tokyo Bay is 11~28 
(water temperature data were downloaded from Japan Oceanographic Data Center 
https://www.jodc.go.jp/jodcweb/index_j.html), suggesting that the growth rate is 
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related not only to water temperature, but also to pressure from fisheries. In Tokyo Bay 
(Chiba) and Seto Inland Sea (Kagawa and Yamaguchi), marbled flounder are subject to 
higher fishing pressure than other areas. Although the stock of marbled flounder in 
Miyagi prefecture and Hokkaido seemed to be at an appropriate level, the growth 
parameter was lower than that reported in a 2004 study in Hokkaido (Shafieipour et al. 
2004). Therefore, it is important for fishery managers to develop a stock assessment 
model for the management of marbled flounder based on the age and growth of this 
species. In addition, to confirm the growth mechanism of the otoliths, further studies, 
including rearing experiments, are required. 
 
1.4.3 Otolith kernel of marbled flounder 
In this study, we suggested that the otolith kernel size of marbled flounder was 
positively related to the growth of fish. Generally, fish growth is mostly affected by 
ambient water temperature and food availability (Wooton et al. 1990). The growth of 
marbled flounder increases up to optimal water temperature, decreases below 5 ℃ and 
above 25 ℃; the food consumption rate is greatest at 20℃ and 24 ℃ (Kusakabe et al. 
2016; Kouji et al. 2000). The annually mean water temperature of Hokkaido is from 4℃ 
to 24℃, in Tokyo Bay, it is from 14℃ to 26℃, in Sendai Bay, it is from 7℃ to 26℃, 
and in Seto Inland Sea, it is from 10℃ to 27℃, these data probably coincide the results 
of this research. Therefore, we think that the water temperature and food availability 
can well affect the otolith kernel size of marbled flounder. Besides the water 
temperature, spawning season was also seemed to be a factor that influence the otolith 
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kernel size, because different spawning season caused a different period for otolith 
formation. The spawning season of marbled flounder in Chiba prefecture is between 
December and January (Katayama et al. 2011), in Seto Inland Sea and Sendai Bay, it is 
between December and February, and in Hokkaido, it is between February and March 





Chapter 2  




Fish otoliths are widely used in age determination and fish growth analyses, however, 
the mechanisms in the formation of opaque and translucent zones are still unknown 
(Katayama 2018). In particular, the otolith kernel may show some differences in growth 
compared with other parts of the otolith because of the endogenous factors in the early 
life stages of juvenile fish, this means that genetic factors and physical environmental 
conditions may both influence the formation of otolith structures (Blacker et al. 1974; 
Campana et al. 1985). Water temperature is an important factor that influences fish 
feeding and growth, and the formation of otoliths is also affected by fish growth 
(Kusakabe et al. 2017). However, how water temperature affects the formation of the 
otolith kernel is unclear. In some species, opaque zones were found to form during 
summer, while translucent zones formed during winter (Mann-Lang et al. 1996). In 
other species, such as the marbled flounder, opaque zones formed during winter, while 
translucent zones formed during summer (Katayama 2018). 
The marbled flounder is a very important commercial species in Japan. We 
researched the age and growth of marbled flounder among different marine areas in 
Japan using the otolith surface reading method. The growth of otolith kernels was also 
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determined by measuring the distance between the alizarin mark and edge of the otolith 
along a specified axis. The results showed that fish collected from warm areas had a 
larger otolith kernel size than those from cold areas. Based on the results of previous 
studies, the spawning season in cold areas was later than that in warm areas, but the 
formation period of different kernel zones in cold and warm areas was almost the same 
because of the relatively lower summer water temperature in cold areas.  
This study aimed to investigate whether water temperature affected the formation 
of otolith kernels using rearing experiments in laboratory conditions, and to compare 





2.2 Materials and methods 
 
2.2.1 Samples collection 
The rearing experiments were conducted in the Faculty of Agriculture at Tohoku 
University. 
All the samples used in the rearing experiment were collected from the Kudamatsu 
Fisheries Research Center (Yamaguchi Pref., Japan). 
Three hundred cultured juveniles with an average total length (TL) of 44.4 mm and 
an average weight of 1.2 g at age 122 days were sent to our laboratory from May 2019. 
They were accommodated in two 100 - L tanks. The 300 juveniles (150/tank) were 
acclimatized for 2 weeks, and then, they were used for the following chemical marking 
and rearing experiment. 
2.2.2 Alizarin complexone marking 
In order to mark the beginning of rearing experiment on the otolith of the marbled 
flounder, we used alizarin complexone (ALC) for immersion marking the samples. 
Alizarin complexone was dissolved in artificial seawater (Instant Ocean, Aquarium 
Systems, France) at a concentration of 30mg/L. The salinity of sea water was 28 psu. 
The fish were immersed in 40L artificial seawater for 24 h. Before the immersion 
treatment, the fish were starved for 24 h, and during the treatment, the fish were fed 
with an exceeding amount of forage. After the alizarin marking treatment, all the water 
was exchanged to clean seawater. Fish were reared for another 2 days to avoid the acute 
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death caused by the ALC, and the juveniles were used for rearing experiments. (Liu et 
al. 2009) 
 
2.2.3 Rearing experiment 
In order to investigate the influence of water temperature on the formation of opaque 
and translucent otoliths, we conducted a 75 - day rearing experiment from June 16 to 
August 30, 2019. The juveniles were transferred to five aquarium tanks (20 individuals 
per tank), with artificial seawater (salinity = 28 psu). The water temperature in tanks1-
5 was set to 15 ℃, 20 ℃, 25 ℃, 15 ℃ and 25 ℃ respectively, using waterproof coolers 
(model TK-60, Takara Industrial Corporation, Japan). The temperature threshold of 
adult marbled flounder is 28 ℃ (Takahashi et al. 1987), and in the rearing experiment 
we carried in 2018, the mortality of juveniles was very high at water temperatures over 
26 ℃. Therefore, we chose 25 ℃ as the highest water temperature in the rearing 
experiment. All tanks were continuously aerated with air stones, and water was 
exchanged twice a week at 70% tank volume. 
Out of these five tanks, the water in three tanks was continuously maintained at a 
low, medium or high temperature (groups 1, 2 and 5, respectively).  In order to clarify 
otolith formation at different water temperatures, for the other two tanks, the water 
temperature was changed once a month as follows: 25 – 15 – 25 ℃ and 15 – 25 – 15 ℃ 
(groups 3 and 4, respectively) (Table 2-1). All the juveniles were fed twice a day during 
the daytime (9:00 am and 15:00 pm) with excess amounts of commercial dry pellets. 
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After the 75 - day rearing experiment, all the juveniles were frozen for 24 h. The total 
length (TL) of all the samples was measured to nearest millimeter (mm) without 
shrinkage correction. The sex was not determined because the juvenile gonads were 
invisible (Goto et al. 1999). The otoliths were removed, cleaned with ethanol, and 


















Table 2-1 Experimental settings of water temperature (℃) in the rearing experiment of 
juvenile marbled flounder (n=20). 
 
Group 
Length of rearing experiment (days) 
1~30 31~60 61~75 
1 15 ℃ 15 ℃ 15 ℃ 
2 20 ℃ 20 ℃ 20 ℃ 
3 25 ℃ 15 ℃ 25 ℃ 
4 15 ℃ 25 ℃ 15 ℃ 





2.2.4 Microscope slides preparation and otoliths observation 
Otoliths were mounted on a glass slide with epoxy resin for 24 h, then the slide was 
polished to the core of the otolith using sandpaper to reveal the kernel and outer margins 
of the otolith. 
The mounted glass slides were observed using a compound fluorescent microscope 
(model BX60, Olympus Optical Co. Ltd., Japan) attached to a power supply unit for 
mercury burner (model BH2-RFL-T3, Olympus Optical Co. Ltd., Japan). The 
fluorescence mark was visible under UV light with a WB filter, and the formation of 
the otolith during the rearing experiment was considered as the part between the outer 
margin and the fluorescence mark produced by ALC (Fig. 2-1). The growth of the 
otolith was measured as the distance from the otolith margin to its ALC mark using an 
encoded stereomicroscope (model M165C, Leica Microsystems, Germany). A digital 
camera attached to the microscope was used to capture images of the otoliths. 
To assess whether the translucent and opaque zones differed among these five 
experimental groups, we used software ImageJ (National Institutes of Health Image) to 
determine the greyscale value of the opaque-translucent zones of all the otoliths, and 
compared them with the relative greyscale value. The relative greyscale was calculated 





where Gr is the relative greyscale value, Gt is the lowest greyscale value of the 
whole otolith, Go is the highest greyscale value of the whole otolith, and G is the mean 
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Fig. 2-1 Otolith with the Alizarin mark observed using fluorescent microscope under 
UV light with WIG filter. The white arrow indicates the ALC mark at the beginning of 
rearing experiment.  
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2.2.5 Scanning Electron Microscopy (SEM) Analysis 
Only the surface reading using the normal kight microscope sometimes cannot observe 
the difference between similar structures, so in this research we chose SEM (scanning 
electron microscope) to observe and compare otoliths in some similar structure when 
observed using light microscope. 
Because the structure of otolith observed from both surface and section have almost 
the same results (Katayama 2018), so we used the surface reading slides for SEM 
analysis in this research. All the slides for observation were cleaned with distilled water, 
dried with airlaid paper, and polished slightly with extra fine sandpapers. Then for the 
etching preparation, slides were immersed in HCl (hydrochloric acid) with the 
concentration of 0.2 molar for 30 seconds, cleaned with distilled water once again, and 
air dried for observation. 
SEM observation were conducted using scanning electron microscope in lab 
(Miniscope TM3030, Hitachi, Japan), the ALC mark was determined by 2 viewers, and 






















Fig. 2-2 Photographs of otolith under SEM and optical microscope. The white arrow 
indicates the ALC mark at the beginning of rearing experiment.  
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2.2.6 Data analysis 
To investigate and compare the relationships among different groups, the data collected 
in the experiment were recorded and processed using Microsoft Excel software, and the 
graphs and charts in this research were also created using Microsoft Excel software. 
One-way ANOVA was performed to test the difference in the data among different 
experimental conditions using R software (R Foundation for Statistical Computing, 
Vienna, Austria). Post-hoc analysis was conducted using Tukey’s HSD test. For these 




2.3.1 Difference in somatic and otolith growth of juveniles 
among groups 
Because of the mortality level in our rearing experiment, after the 75 – day rearing 
experiment, only those fish that survived were recorded as the valid sample in this 
research. Group 1 had 11 individuals, Group 2 had 10, Group 3 had 17, Group 4 had 
14, and Group 5 had 14 fish. 
In order to determine the increment of the fish body, we measured the average TL 
before the experiment started. The increment in the averaged TL of groups 1, 4 and 5 
was significantly larger than that of group 2, which was the smallest increment at 8.13 
mm. In the rearing experiment, the increment in average TL was relatively larger at 
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lower water temperatures than at higher water temperatures. The largest average 
increment was found in group 1 at 18.55 mm. In groups 4 and 5, the increment of group 
5 was slightly greater than that of group 4, however, the maximum increase was found 
in group 5 (Table 2-2). 
The growth of otoliths in the rearing experiment was measured as the distance 
between the edge of the otolith and the alizarin mark (Fig. 2-3). In contrast to the 
somatic growth, the otolith growth showed a different trend among the five groups. The 
largest average increment (0.21 mm) was found in group 5, and the smallest average 















Table 2-2 Fish body length and otoliths size (mean and SD) of marbled flounder in 5 
groups (mm) 
 






1 62.95 ±4.53 18.55  0.99 ±0.08  0.14  
2 52.53 ±4.27 8.13  0.96 ±0.04 0.11  
3 55.27 ±3.92 10.87  0.97 ±0.05 0.15  
4 59.76 ±6.33 15.36  0.99 ±0.06 0.18  
5 61.73 ±6.13 17.33  1.02 ±0.06 0.21  
 
Group 1: n=11; group 2: n=10; group 3: n=17; group 4: n=14; group 5: n=14. 
The variations in body size among each group were tested by ANOVA. The growth of 
fish showed a significant difference in these five groups (F = 80.05 ***, p < 0.001). 
Pairwise comparisons were conducted using Tukey’s HSD test, the p values were: 1 vs. 











Fig. 2-3 The otoliths of marbled flounder under UV light (WIG filter). Photographs of 
each otoliths were captured in 4x and 10x respectively. The white arrows indicate the 









2.3.2 Formation of otolith translucent-opaque zones during 
rearing experiment 
In order to investigate the formation of otolith opaque and translucent zones, we 
observed the growth of otoliths from the chemical mark to the end of this experiment. 
In this study, the surface of the whole otolith showed different appearances among all 
five groups (Fig. 2-4). 
In group 1, the growth of all the otoliths was opaque. In groups 2 and 5, the growth 
of otoliths was totally translucent, and in groups 3 and 4, they showed different 
formation patterns on the surfaces of otoliths. The otoliths in group 3 changed from 
translucent to opaque and back to translucent zones, while the otoliths of group 4 
changed from opaque to translucent and back to opaque zones. From these results, we 
can infer that in the otolith kernel, the formation of opaque and translucent zones was 
influenced by water temperature, where low water temperature led to the formation of 
an opaque zone, and the higher water temperature led to the formation of a translucent 
zone. Moreover, the periodic change in water temperature resulted in the alternate 























Fig. 2-4 The otoliths of marbled flounder under normal reflecting light. Photographs of 
each otolith were captured in 4× and 10× magnification. The white arrowhead line 









2.3.3 Greyscale values of otoliths among different groups 
From the results of otolith formation in this research, water temperature can affect the 
formation of opaque and translucent zones in the otolith kernel. Groups 2 and 5 both 
showed similar results with the formation of translucent zones during the rearing 
experiment. However, the growth of otoliths in groups 2 and 5 showed a significant 
difference. The average growth in group 5 was much greater than that in group 2. The 
growth of the other groups also varied. We utilized the greyscale value measured using 
ImageJ to investigate the difference between these groups.  
The average relative greyscale value of otoliths in group 1 had the greatest value 
among these five groups at 0.470, while group 5 showed the lowest value at 0.023. The 
results of the greyscale analyses (Table 2-3) showed that, for the same zones of the 
otoliths, higher water temperatures caused a lower greyscale value, while at low water 
temperatures, the otoliths had a higher greyscale value. 
Based on the results of statistical analysis, we can see that different groups reared 
at the same water temperature had the same form in the growth of otolith, and the 
relative greyscale value did not show any difference. Although there was no significant 
difference found between group 2 and the high temperature period of group 3, we can 


















Table 2-3 The relative greyscale values of otoliths in each group (mean and SD) 
 
 
The variation of greyscale value among different water temperature were tested by 
ANOVA. Where Group 3H and 4H were the growth of otolith in high temperature of 
group 3 and 4, group 3L and 4L were the growth of otolith in low temperature of group 
3 and 4. There is significant difference confirmed in these 7 groups (F = 61.56 ***, p < 
0.001). Pairwise comparisons were conducted using Tukey’s HSD test, the p values 
were: 1 vs. 3L, 1 vs. 4L, 2 vs. 3H, 3H vs. 4H, 3H vs. 7, 3L vs. 4L, 4H vs. 7, p > 0.05; 2 





































Fig. 2-5 Relative greyscale values of each part in rearing experiment (mean and SD). 
Group 3H and 4H were the growth of otolith in high temperature of group 3 and 4, 
group 3L and 4L were the growth of otolith in low temperature of group 3 and 4. The 




2.3.4 Surface crystal structure 
From the results of otolith formation and relative greyscale values of otolith increment 
in this research, all the samples at 20 ℃ and 25 ℃ were found have translucent zones 
appeared in the edge of otoliths. 
At these two temperatures, the growth rate in otolith at 25 ℃ was batter than that 
at 20 ℃, and the relative greyscale values also showed significant difference between 
them, in which the values of 20 ℃ was significantly higher than that of 25 ℃. The 
results of SEM (Scanning electron microscope) also showed different structures in 
crystals between these two temperatures (Fig. 2-6). Comparing the growth parts at 
20 ℃ and 25 ℃, otoliths at 20 ℃ had a smoother surface in crystal structure, and at 
25 ℃, otoliths showed plenty of needle-like structures in the surface zone, and more 
chinks can be found between these needle-like structures than that of otolith reared at 
20 ℃.  
From some other researches (Katayama 2008), crystal structure in the surface and 
section of otolith did not have any difference, so the results of SEM indicated that in 
translucent zones, otoliths had a denser concentration of crystals formed at lower 
temperature, and had a coarse concentration of crystals with a needle-like structure 









Fig. 2-6 Photographs of otolith at 20℃ and 25℃ under SEM, the white arrows indicate 






2.4.1 Fish body growth 
In the present study, it was clear that the marbled flounder had the best growth at 15 ℃, 
and growth had a positive correlation with water temperature when it was higher than 
15 ℃. Generally, fish somatic growth is affected by the ambient water temperature and 
feeding, and food consumption is also correlated with water temperature (Wooton et al. 
1990). In some studies, the growth of marbled flounder increased with temperatures up 
to the optimal temperature and decreased below 5 ℃ and above 25 ℃ (Takahashi et al. 
1987). Feed conversion efficiency was greatest at 20 ℃ and 16 ℃, and lowest at 26 ℃ 
(Kusakabe et al. 2017). Researches into the age and growth of the marbled flounder, 
suggested that body size at same age was greater in warm areas than in cold areas; 
however, the fishery pressure was also higher in warm areas, which indicated that the 
higher fishery pressure caused a lower density and greater food availability in warm 
areas, so that the fish in warm areas were able to grow better.  
In this study, the growth of juveniles showed a different trend: the lowest growth 
was at 20 ℃, and the highest was at 15 ℃ and 25 ℃, while the density in each group 
did not show a significant difference. Based on these results, we suggest that the water 
temperature may not affect the growth rate of the marbled flounder directly when 




2.4.2 The formation patterns of otoliths 
Otolith growth is different from somatic growth in response to environmental factors 
(Lombarte et al. 1993). From other studies, otolith growth showed a different 
extracellular process compared with somatic cellular growth (Simkiss 1974). It is 
assumed that the formation process of otolith is more directly affected by temperature 
than the metabolic process in somatic growth (Casselman et al. 1990). Water 
temperature regulated the quantity of materials deposited during the formation of the 
otolith, and an increase in the proportion of carbonates was found in otoliths as the 
temperature increased (Gauldie et al. 1980; Lombarte et al. 1993). Similar to the results 
of thermal shock in salmonid, in which otoliths formed clear increment mark at a 
temperature decrease, but there was a different mechanism between this kind of short-
term changes and the long-term treatment in this research. In the present research, 
otoliths in group 2 (20 ℃) had the lowest growth, and in the other groups, the growth 
of otoliths was greater at higher water temperatures. This trend was similar to that 
reported in other studies, which suggests that the otolith growth is more affected by the 
water temperature than somatic growth. 
 
2.4.3 Difference in macrostructure of opaque-translucent 
zones 
It was reported in other studies that the formation of opaque and translucent zones in 
otoliths was caused by factors such as the calcium carbonate ratio and elemental ratios 
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(Wright et al. 2002), which led to a different crystal matrix density in fish otoliths. 
Better growth in fish always caused the formation of translucent zones in otoliths. In 
this study, however, in the otolith kernel of the marbled flounder, water temperature 
influenced not only the formation of opaque and translucent zones, but also the 
greyscale value in the experimental zones. Although the growth in group 2 was slower 
than for the fish in group 1, a translucent zone was still formed in the otolith kernel. 
When the water temperature rose beyond the optimum level which caused a slower 
growth (25 ℃), the otolith kernel also formed as a translucent zone. The relative 
greyscale value decreased with the increase in water temperature (Fig. 2-7). Otoliths at 
20 ℃ and 25 ℃ both formed translucent zones. The relative greyscale value in 25 ℃ 
was higher than that at 20 ℃, which implied that the higher temperature could make 
the otoliths denser in kernel zones.  
In order to determine how greyscale varies in different temperature regimes, the 
analysis of the protein matrix ratio and calcium carbonate ratio should be investigated 
in future research. Besides water temperature, the effect of salinity on the formation of 
otolith kernels in the marbled flounder, as an euryhaline species, also needs to be 









Fig. 2-7 Relative greyscale value of each part in rearing experiment. Group 3H and 4H 
were the growth of otolith in high temperature of group 3 and 4, group 3L and 4L were 
the growth of otolith in low temperature of group 3 and 4. The relative greyscale value 
was negatively correlated with water temperature, and there was a nearly linear 
relationship between water temperature and relative greyscale in otolith kernel. 
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Water temperature has been studied that it plays a very important role in the growth of 
fish, the majority of fish have their body temperature following the temperature of their 
ambient water environment (Wootton, 2011). In which water temperature can have a 
great impact on survival, performance and feed conversation (Paula et al. 1998). And 
such as the results in Chapter 2, we found that not only the fish body, but the formation 
of otolith kernel was also well influenced by water temperature. 
Besides water temperature, aquatic lives are exposed to a growing number of 
stressors (Sala et al. 2000; Grizzetti et al. 2017), such as water acidification (Kroeker 
et al. 2013; Muniz 1990), or eutrophication (Smith 2003; Smith et al. 2009). And 
salinity is another important factor in seawater that may influence the aquatic lives, 
which can directly affect the gonad development, embryo hatchability, feeding and 
digestion (Cui et al. 2019). 
Salinity is due to the presence of salts, dissolved in water, which represent 60 of 
the 92 basic chemical elements (Riley, 1965). Many researches have reported that 
growth and metabolic of teleost fish are influenced by salinity (Viviana et al. 2015; 
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Jobling 1994; O’Neill et al. 2011; Fazio et al. 2013). Teleost fish can maintain the ionic 
and osmotic homeostasis of body fluids across ambient environmental salinities 
through osmoregulatory mechanisms, and this process will cost energy of fish 
themselves (Sampaio & Bianchini 2002). This ability of regulating the ionic and 
osmotic homeostasis of body fluids is independent of the external environment, not 
only in the seawater, but also in freshwater, which is an essential ability for fish survival. 
The majority of fish are restricted to one or some other similar medium, which are 
called polystenohaline species, and there are also some fish species exhibit extreme 
plasticity in their osmoregulatory capacity and can disperse between sometimes about 
two different media, like freshwater and seawater, which we call them euryhaline 
species (Takei & Balment 2009). 
Flatfish is kind of important economical species, there are about 33 flatfish species 
distributed around Japan (Nakabo 2002), many flatfish species have been reported that 
were affected by salinity. Such as the summer flounder, which has the best growth in 
early-life stage at the salinity of 8-14 psu (Smith et al 1999); and the southern flounder, 
which has the best growth in their early-life stage at the salinity of 5-30 psu (Specker 
et al. 1999). Marbled flounder is also a kind of euryhaline flatfish species which has a 
strong adaptability to the varied environment (Pan 2014), the juvenile fish can adapt to 
the salinity at 6 psu (Cui et al. 2018). Marbled flounder commonly spawns and 
reproduces at coastal shallow waters, and always swims into deeper waters in winter 
(Wang et al. 1999). In their early-life stage, they always live in coastal shallow waters, 
and in coastal areas, the salinity always goes fluctuated mainly due to the river runoff 
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and rain water. Sometimes, tropical cyclones that influence the marine ecosystems can 
ultimately lead to frequent salinity fluctuations in coastal waters (Zhang et al. 2013). 
 These changes in salinity are reported to affect the growth of marbled juvenile 
fish, but the otolith, especially the central part of the otolith formed in early-life stage 
of juvenile fish is still unknown. Some studies have researched the effect of salinity on 
element incorporation in otoliths (Farrell & Campana 1996; Bath et al. 2000; Milton & 
Chenery 2001; Martin et al. 2004). In which the formation of otoliths always affected 
by many chemicals in the ambient environment of fish, and the majority of adult 
marbled flounder live in deep water that will not experience extreme change in salinity 
of their life history, so that we assume the changes in salinity can influence the 
formation of otolith kernel in their early-life stage. 
In order to understand the process that the salinity influences fish and fish otoliths, 
we need have a rearing experiment to investigate whether or not the salinity can 
influence the formation of otolith kernel, and how it affected it. However, in natural 
environment, the process that physical factors that affect otolith formation is very 
complex, each factor cannot influence fish independently, and the most common and 
important physical factors in water are the water temperature and salinity (Lisaboa et 
al. 2015), therefore, we also need research the effect of the combination of water 
temperature and salinity on otolith kernel formations. 
In this chapter, in order to research salinity and compare the effect of salinity and 
water temperature on otolith, we conducted a rearing experiment with different salinity 
to investigate the effect of salinity on otolith kernel formation, and compared with the 
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results in Chapter 2, then we had another rearing experiment with two different factors 
to investigate the effect of the combination of salinity and water temperature on otolith. 
Finally, all the results in this chapter were collected and compared with the results of 
Chapter 2, summarized how salinity and water temperature influence the otolith kernel 





3.2 Materials and methods 
 
3.2.1 Samples collection 
The rearing experiments in this chapter were conducted in the Faculty of Agriculture at 
Tohoku University. 
All the samples used in the rearing experiment were collected from the Kudamatsu 
Fisheries Research Center (Yamaguchi Pref., Japan). 
Four hundred cultured juveniles with an average total length (TL) of 20.5 mm and 
an average weight of 0.1 g at age 97 days were sent to our laboratory from April 2020. 
They were accommodated in two 100 - L tanks at the temperature of 20 ℃. The 400 
juveniles (200/tank) were acclimatized for 2 weeks before the experiment, and then, 
they were used for the following chemical marking and rearing experiment. 
 
3.2.2 Alizarin complexone marking 
In order to mark the beginning of rearing experiment on the otolith of the marbled 
flounder, we used alizarin complexone (ALC) for immersion marking the samples. 
Alizarin complexone was dissolved in artificial seawater (Instant Ocean, Aquarium 
Systems, France) at a concentration of 30mg/L. The salinity of seawater was 28 psu. 
The fish were immersed in 60L artificial seawater for 24 hours. In order to have a better 
result in the immersion treatment, the fish were starved for 2 days before the treatment, 
and during the treatment, the fish were fed with an exceeding amount of dry pellet. 
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After the alizarin marking treatment, all the water was exchanged to clean seawater, 
and the plastic tanks were also been cleaned. Generally, the ALC mark appeared at the 
edge of otolith with a 1 or 2-day delay after marking treatment, which could cause an 
underestimate to the growth of otolith kernel during the rearing experiment. Thus, in 
this chapter, after marking treatment, all the fish were reared for another 2 days to avoid 
the underestimate of otolith growth, then, some of the random samples were used for 
rearing experiments (Liu et al. 2009). 
 
3.2.3 Rearing experiments 
 
3.2.3.1 Effect of salinity on otolith 
In order to investigate the effect of salinity on otolith kernel formation, we conducted a 
60-day rearing experiment. Different form the experimental settings in Chapter 2, we 
had two experimental groups and two replicate groups in this experiment to avoid the 
accidental errors. 
After marking treatment, some of the juveniles were transferred to four aquarium 
tanks, each tank had 15 individuals, all the fish were reared artificial seawater at room 
temperature, the room temperature was kept at 15 ℃ using air conditioner, such as the 
results in chapter 2, fish had better growth rate at 15 ℃ and 25 ℃, but high temperature 
always caused higher mortality in rearing experiment, and in Japan, larvae always been 
reared at water temperature at about 14 ℃, which may have better feeding rate in early-
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life stage of marbled flounder (Lucas & Southgate 2012), thus, in order to have an easy-
observing result, we chose 15 ℃ to rear the juvenile fish. For the four groups A, B, C, 
D, salinity in tanks A and B were set to 15 psu, because the larvae marbled flounder 
was reported that the salinity tolerance was 50 psu (Iso et al. 1994), in which the 
mortality goes higher with salinity higher than 40 psu, thus the tanks B1 and B2 of high 
salinity were set to 38 psu to avoid excessive death during experiment. The rearing 
experiment lasted for 60 days, which was divided into four stages, each stage was 15 
days, and the salinity of two low groups and two high groups exchanged every stage 
(Table 3-1). During the rearing experiment, all the juvenile fish were fed twice a day 
with excess amounts of dry pellets (10:00 am and 15:00 pm), light period was kept as 
8 hours every day (8:00 am to 18:00 pm). 
After the 60-day rearing experiment, juveniles were frozen for one night. Total 
length and body weight were measured after frozen, then all the otoliths were picked 













Table 3-1 Experimental settings of salinity (psu) in the rearing experiment of juvenile 
marbled flounder (n=15). 
 
Group 
Length of rearing experiment (days)  
1~15 16~30 31~45 46~60 
A1 15 38 15 38 
A2 15 38 15 38 
B1 38 15 38 15 




3.2.3.2 Effect of temperature and salinity on otolith 
Based on the results in the first rearing experiment of Chapter 3, the effect of salinity 
on otolith kernel formation was confirmed, but the relationship between water 
temperature and salinity in affecting otolith was still unknown, in order to investigate 
how the combination of temperature and salinity affect otolith kernel formation, and 
which one is more important, we conducted another 80-day rearing experiment. 
Before the rearing experiment, all the juvenile fish were marked using Alizarin 
complexone one more time, and after marking treatment, a total of 120 individuals were 
transferred to six aquarium tanks, each tank had 20 individuals. All the tanks were 
reared at different temperatures and salinities (Table 3-2), because the large amounts of 
individuals, there was no replicate groups in this experiment. 
The rearing experiment lasted for 80 days, water temperatures were divided into 
three levels (10 ℃, 15 ℃, 20 ℃), because all the otoliths kernel formed as translucent 
zones at the temperature over 20 ℃, so in this experiment, we chose 20 ℃ as the highest 
level, water temperature was controlled using waterproof coolers (model TK-60, Takara 
Industrial Corporation, Japan), and salinities were divided into two levels (15 psu and 
37 psu), which were similar to the experimental settings of the first experiment in this 
chapter. In this part, both temperature and salinity were kept constant during the whole 
rearing experiment. Light period was 8 hours per day, and fish were fed with dry pellet 
twice a day. Because of the higher evaporation rate in higher temperature, seawater in 
tanks at 20 ℃ was replaced by 1/3 amount every day, and others was replaced by 70% 




After the 80-day rearing experiment, all the samples were frozen for one night. 
Total length and body weight were measured after frozen, then all the otoliths were 
picked out, cleaned with distilled water, and stored dry in well plates for surface reading 











Table 3-2 Experimental settings of water temperature (℃) and salinity (psu) in the 
rearing experiment of juvenile marbled flounder (n=20). 
 
Group Water temperature Salinity 
1 20 15 
2 20 37 
3 15 15 
4 15 37 
5 10 15 




3.2.4 Microscope slides preparation and otolith observation 
All the otoliths collected form the blind side of juveniles were mounted on glass slides 
with epoxy resin for 24 hours. 
Different from the treatment method in Chapter 2, all the otoliths were upside down 
compared with the slides of Chapter 2 (Fig. 3-1). Because otoliths upwards mounted on 
glass slides always had higher margin, and after polishing with sandpapers, the outer 
margin of otoliths were always polished to very thin zones that seemed like translucent 
zones under optical microscope, which caused errors in the determination of otolith 
formations, and sometimes, it also caused an underestimate in the growth of otolith 
during the experiment. Thus, in this chapter, we mounted the otolith upside down, that 
only the thickest arch parts were polished, and the most outer margins could be 
maintained for observation. 
After mounting, the mounted glass slides with the solidified epoxy resin were 
polished to the core of the otolith using the sandpapers to reveal the kernel and outer 
margins of the otoliths. Slides were observed using a fluorescent microscope with a UV 
light unit. The ALC mark in the otolith can be seen under UV light through a WIG filter 
(Fig. 3-1), the distance between ALC mark and outer margin was the growth part of 
otolith in this rearing experiment. When observing the glass slides, we also put them 
upside down under the microscope, and observed the otolith through the glass slides 
form their bottoms. 
Same as the treatment in Chapter 2, we also measured the greyscale values of both 










In the equation, Gr is the relative greyscale value, Gt is the lowest greyscale value 
of the whole otolith, Go is the highest greyscale value of the whole otolith, and G is the 




















Fig. 3-1 Photographs of two otolith mounting types. (A) The normal type used in 




3.2.5 Scanning Electron Microscopy analysis 
All the slides for observation were cleaned with distilled water, dried with paper, and 
polished slightly with extra fine sandpapers. Then in the etching preparation, slides 
were immersed in HCl with the concentration of 0.2 molar for 30 seconds, cleaned with 
distilled water once again, and air dried for observation. 
SEM observation were conducted using scanning electron microscope in lab, the 
ALC mark was determined, the growth parts of otolith kernel in rearing experiment was 
observe, and the photographs were captured using microscope for the further analysis.  
 
3.2.6 Data analysis 
To investigate and compare the relationships among different groups, the data collected 
in the experiment were recorded and processed using Microsoft Excel, and the graphs 
and charts in this research were also created using Microsoft Excel. ANOVA was 
performed to test the difference in the data among different experimental conditions 
using R software. Post-hoc analysis was conducted using Tukey’s HSD test. For these 




3.3 Results (Effect of salinity) 
 
3.3.1 Difference in somatic and otolith growth of juveniles 
among groups 
After the rearing experiment, there were 3 deaths found during the experiment in group 
A1, in group A2 was 3 individuals, group B1 was 2 individuals and group B2 was 4 
individuals dead during experiment. 
In order to avoid too much stress on fish due to some artificial movement, in this 
research, we did not measure the total length at the beginning of rearing experiment, 
and we assumed that all the samples had the same total length at the beginning, that the 
final total length we measured after experiment was used to represent the growth during 
the experiment. In these four groups, best biggest fish was found in group A1 at 75.14 
mm, and the smallest individual was also found in group A1 at 43.42mm, which 
indicated that samples in group A1 has the largest variation in this experiment, however, 
although the growth in these four groups seemed different, there was no significant 
difference among these four groups (p > 0.05). In average somatic growth, fish in group 
A1 and A2 were slightly better than that in group B1 and B2 (Table 3-3). 
For the growth of otoliths in rearing experiment, the longest distance from the 
central of otolith to the ALC mark in otolith was the beginning size, and extended the 
distance to the outer margin of otolith was the growth of otolith during the experiment 
(Fig. 3-2). The size before the experiment of each group did not show any significant 
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difference (p > 0.05), and the increment also had no difference (p > 0.05), the best 
growth was found in group A1 at 0.31 mm with the biggest variation among these four 
groups (Fig. 3-3), and the worst was found in group A2 at 0.06 mm, and in average 










Fig. 3-2 Photograph of otolith captured under UV light (WIG filter). The yellow 
arrow indicates the alizarin mark at the beginning of rearing experiment, the white 
line with double arrow is the beginning size of otolith, and yellow one indicates the 













Table 3-2 Somatic growth and otolith growth of marbled flounder during the rearing 
experiment (mm). 
 






A1 57.94 ±11.65 20.81  1.88 ±0.27  0.16  
A2 60.00 ±5.74 22.87  1.87 ±0.10 0.16  
B1 56.31 ±9.58 19.18  1.89 ±0.16 0.21  
B2 57.89 ±5.93 20.76  1.92 ±0.10 0.20  
 
Group A1: n=12; group A2: n=12; group B1: n=13; group B2: n=11. 
The growth of fish shows no significant difference in these four groups, and in growth 

















3.3.2 Formation of otolith translucent-opaque zones during 
rearing experiment 
In order to investigate the formation of otolith kernel at different salinities, otoliths were 
observed to determine the ALC mark using UV light microscope, and then observed 
them using the normal optical microscope to determine the translucent and opaque 
zones formed in experiment (Fig. 3-4). 
In both group A1 and A2, the growth parts in experiment formed as translucent-
opaque-translucent zones, only few samples had a small opaque zone in their outer 
margin, and in group B1 and B2, the growth parts formed as opaque-translucent-
opaque-translucent zones, that all the four groups had similar trend in formation of 
otolith with the changes in salinity during the rearing experiment (Fig. 3-4). The results 
indicated that translucent zones formed at lower salinity, and higher salinity caused the 














































3.4 Results (Effect of temperature and salinity) 
 
3.4.1 Difference in somatic and otolith growth of juveniles 
among groups 
During the rearing experiment, all the juveniles in group 2 (20 ℃, 37 psu) died in one 
month after rearing experiment began, thus, after the rearing experiment, there were 
just five groups, and compared the growth of otolith among other five groups. 
 When the fish of group 2 died, we measured the total length of other five groups, 
so these data were used as the beginning size of fish body in the experiment, and the 
total length in the first month of all samples were used to compare their somatic growth 
during one month of rearing experiment among six groups (Fig. 3-5).  
 In the first month, both the biggest total length and the best average total length 
were found in group 4 (15 ℃, 37 psu), and the total length did not show any difference 
among these six groups (p > 0.05) (Table 3-3). 
 After the 80-day rearing experiment, there were 3 deaths found in group 1, 2 deaths 
in group 3, 7 deaths in group 4, 1 death in group 5, and 6 deaths in group 6, including 
all the samples died in group 2, that the mortality rate in high salinity groups were much 
higher than that reared at 15 psu.  
 In the somatic growth in group 1, 3, 4, 5 and 6, growth of fish in group 1 and 4 was 
significantly better than other three groups (p < 0.001), both the biggest growth and 
best average growth were found in group 4 (Fig. 3-6), in which they were 22.98 mm 
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and 16.01 mm (Table 3-4). 
The growth of otolith during the rearing experiment were measured as the distance 
between the edge of the otolith and the alizarin mark (Fig. 3-2). Similar to the results 
in somatic growth, growth of otolith also better in group 1 and 4 (Fig. 3-7). The largest 
average increment (0.29 mm) was found in both group 1 and 4, the growth of otolith in 
group 1 and 4 were significantly better than other groups (p < 0.01), and the results of 

































Table 3-3 Fish body size (mm) after one month (mean and SD). 
 
 
Group 1: n=17; group 2: n=0 (died in the 1st month); group 3: n=18; group 4: n=13; 
group 5: n=19; group 6: n=114.  

















































Fig. 3-7 Trends of average growth of total length and otolith (mm). The growth of 

















Group 1: n=17; group 2: n=0 (died in the 1st month); group 3: n=18; group 4: n=13; 
group 5: n=19; group 6: n=114. 
The variations in otolith increment among each group were tested by two-way 
ANOVA. Temperature had significant effect on otolith growth (F=14.52, p < 0.001), 
and salinity showed no significant effect on otolith growth (F=0.708, p > 0.05). The 
somatic growth showed a significant difference among these five groups (p < 0.001), 
post-hoc analysis was conducted, results showed that 1 vs. 3, 1vs. 5, 1 vs. 6, p < 0.05; 
4 vs. 3, 4 vs. 5, 4 vs. 6, p < 0.001; the other pairs, p > 0.05.  






1 40.63 ±3.76 11.66  1.45 ±0.11  0.29  
3 33.93 ±6.44 6.81  1.27 ±0.18 0.16  
4 45.70 ±3.77 16.01 1.57 ±0.08 0.29 
5 34.02 ±7.19 6.96  1.17 ±0.16 0.10  




3.4.2 Formation of otolith translucent-opaque zones during 
rearing experiment 
In order to investigate the formation of otolith kernel at different salinities, otoliths were 
observed to determine the ALC mark using UV light microscope, and then observed 
them using the normal optical microscope to determine the translucent and opaque 
zones formed in experiment (Fig. 3-4). 
 All the groups including group 2 were observed with the optical microscope to 
compare the formation types among each group (Fig. 3-8). In each group, formation at 
the otolith kernel was similar within group, only in group 1 and 2, otoliths formed as 
translucent zones, and in other four groups, all the samples formed as opaque zones 
during the rearing experiment (Fig. 3-8). From the results, the otoliths formed as 
translucent zones at 20 ℃, and formed as opaque zones at 15 ℃ and 10 ℃, which was 
coinciding the results in Chapter 2, and salinity seemed not have any effect on the 












































3.4.3 Greyscale values of the growth parts in otoliths among 
groups 
From the results of translucent-opaque zones formation in this research, water 
temperature can affect the formation of opaque and translucent zones in the otolith 
kernel, however, salinity seemed not influence the otolith kernel formation. Group 1 
and group 2 showed the similar formation type, and other four groups also showed 
similar growth parts in experiment. In order to see the difference among these similar 
results in different groups, we utilized the greyscale value measured using ImageJ to 
investigate the difference between these groups, and the relative greyscale values were 
calculated for comparison. 
The highest relative greyscale value and average value were found in group 4 as 
0.670 and 0.612, and the lowest value and average value were found in group 1 as 0.013 
and 0.066 (Table 3-5). In order to group the samples easily, we renamed all the groups 
as temperature (H/M/L) & salinity (H/L), which indicated the high, medium and low 
value of temperatures and salinities (Fig. 3-8). 
The relative greyscale values showed significant difference among the six groups 
(p < 0.001), and based on the results of post-hoc analysis, in opaque zones, only group 
5 was different from the values of any other group, and in translucent zones, no 


























































Fig. 3-8 Figure 8. Relative greyscale values of otoliths in each group. Each group was 
renamed as temperature (H/M/L) & salinity (H/L). There is significant difference 
found in these six groups (F = 80.05 ***, p < 0.001). The post-hoc analysis were 
conducted using Tukey’s HSD test. The p values: in translucent zones: HH vs. HL, 
p > 0.05; in opaque zones: MH vs. ML, MH vs. LL, p < 0.001; MH vs. LH, p < 0.05; 
the other pairs, p > 0.05.  
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3.4.4 Surface crystal structure 
From the results of otolith formation and relative greyscale values of otolith increment 
in this research, all the samples could be divided into two groups, the translucent group 
and opaque group.  
In translucent group, difference in salinity seemed not work in otolith kernel 
formation, and the relative greyscale values also showed the same results, but in opaque 
groups, group 4 was significantly higher than other three groups. Thus, we observed 
the otoliths in these four groups using SEM (Fig. 3-9). As the similar results in Chapter 
2, otoliths at higher water temperature formed as a needle-like structure with coarse 
surface, and at the same temperature, higher salinity caused a higher relative greyscale 
value, and a smoother surface, in which indicated that otolith had a denser concentration 
of crystals formed at higher salinity, and had a coarse concentration of crystals with a 









Fig. 3-9 Photographs of otolith in group 6 (LH), group 5 (LL), group 4 (MH), group 3 







3.5.1 Somatic and otolith growth 
For the somatic and otolith growth in this research, fish body in group A1 and A2 were 
slightly better than that in group B1 and B2, while the increments of otolith in group 
B1 and B2 were better than group A1 and A2 (Table 3-2). In the rearing experiment, all 
these four groups experienced the same periods of high and low salinity, but had a 
different result. 
 The difference in experimental settings of these four groups was the beginning 
salinity, two of them were rearing from 15 psu, and the other two groups were reared 
from 38 psu. The acclimation to the ambient salinity may be the reason why it was a bit 
different between these groups. For the temperature acclimation of juvenile marbled 
flounder, the growth of fish went worse when transferred from 24 ℃ to 14 ℃, that the 
experienced thermal history can affect the growth of marbled flounder (Sakurai et al. 
2021). And I think there is a similar mechanism that the changes in salinity would also 
affect the growth of fish and otolith, in which the growth of fish body will go slower 
when the fish is transferred from higher salinity to lower, and the results in this research 
showed the same trend, that in group A1 and A2, juveniles were transferred to lower 
salinity twice and Group B1 and B2 had only once. That the experienced salinity history 
may also have the similar influence as temperature on the marbled flounder growth. 
And the growth of otolith may also be influenced by the changes history of salinity, but 
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has an absolutely different result. 
For the rearing experiment with changes in water temperature and salinity, such as 
the results in Chapter 2, fish reared at 15 ℃ had the best growth, and in this chapter, 
the best growth was also found at 15 ℃, and 10 ℃ had the worst somatic growth of all 
the samples. Many researches have reported that the optimum temperature for marbled 
flounder was about 20 ℃ (Kusakabe et al. 2017; Iwata et al. 1994; Fonds et al. 1992), 
which was different from the results in this research. However, in fact, the optimum 
water temperature for growth may differ with age and size, that some species prefer 
warmer temperatures than their adult fish (McCauley & Huggins 1979; Pedersen & 
Jobling 1989; Casey et al. 2020). For marbled flounder, the juvenile fish grew faster at 
12-14 °C than at 20 °C, with the growth of fish, the optimum will increase from 13 to 
22 °C (Tomiyama et al 2018), which was also showed in this research, that the juveniles 
had an optimum temperature for growth at about 15 °C. However, the best growth of 
otolith was found at higher temperature, which indicated that the growth of otolith was 
not affected by fish body growth directly, and otolith grows better in higher temperature.  
At the same temperature, high salinity had a better growth in fish body than lower 
salinity. There are researches reported that at low salinity, fish may experience an 
increased osmoregulatory costs than higher salinity, thereby reducing their energy for 
somatic growth (Taylor et al. 2016), which explain the results in this research that the 




3.5.2 The formation patters of otolith kernel 
From the results of somatic and otolith growth in this research, we can infer that the 
growth of otolith in response to water temperature and salinity is different from somatic 
growth, and the otolith is more sensitive to the changes in their ambient environment. 
Compare the results in this chapter with Chapter 2, the formation of otolith is more 
sensitive to the changes in water temperature, and the results in otolith increment also 
showed the similar results that water temperature had significantly effect of otolith 
growth (Table 3-4). In fish otolith, the concentration ratios of Sr: Ca and Ba: Ca were 
significantly influenced by temperature, and the concentration ratios of these elements 
which was important in the formation of otolith were not affected by salinity (Elsdon 
et al. 2002). Which may explain the reason why water temperature was more important 
in affecting otolith kernel formation in this research. 
Many researches have reported that in the good growth period of fish, the otolith 
will formed as translucent zones, and in the bad growth, otolith will formed as opaque 
zone. However, from the results in this research, it is a bit different. The otolith kernel 
may have a different growth pattern, that is not the same as somatic growth. In otolith 
kernel, higher temperature and lower salinity both caused translucent zones formation, 
but not in the good growth of fish body. Compared with the results of somatic and 
otolith growth, the formation pattern in otolith kernel was related to the growth rate of 




3.5.3 Application of relative greyscale in otolith kernel 
The juvenile marbled flounder hatched at coastal shallow estuary, and temperature and 
salinity condition were the most important factors that controlling the immigration, 
settlement, and distributions of larvae and juvenile flatfish (Gibson 1994; Omori & 
Tsuruta 1988; Burke et al 1991), and the salinity of coastal shallow waters always 
fluctuated due to the surface runoff, rainfall and tides (Shi et al. 2008), water 
temperature was affected by global warming in recent years, the increasing evaporation 
rate of seawater also caused the higher salinity. 
Fluctuation in ecological factors greatly influence marine habitats, the marbled 
flounder is among the affected coastal fish species (Cui et al. 2019). Investigate the 
ambient environmental factors of juvenile marbled flounder is very important to 
understand how the environmental degradation caused the fluctuation in resource level, 
and help us in resource management. 
Otolith is a good tool for estimating the age of fish by counting daily and / or annual 
growth increments, because the size and shape of otoliths vary considerably among 
species, they are also used in species identification (Campana et al. 2001). Moreover, 
the use of otolith morphology allows us to identify some key ecological life history fish 
events, and assess the population structure of commercially important fish stocks. And 
nowadays, otoliths can complement, or even replace some other natural tags such as 
the common genetic tools in the study of population structure, movement patterns and 
habitat connectivity in fish (Correia 2019). And in this research, relative greyscale 
values of otolith can be an easy-to-use and cheaper tool in the study of population 
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movement patterns and habitat connectivity in fish. By comparing the relative greyscale 
values of otoliths collected from coastal waters with different main ecological factors 
such as temperature, salinity and pH value, we can establish a database with these 
values, and using the database of marbled flounder, different habitats of juvenile 
marbled flounder can be determined with relative greyscale values in otolith kernel 









Caffeine is one of the most widely used biologically active drug in the world (Rey et al. 
2012; Bylund 2007), and also a very commonly consumed food component that can be 
easily found in coffee, tea and chocolate (Menezes et al. 2017; Roberts 2016). In recent 
years, caffeine has been recognized as a contaminant of water bodies, which was getting 
more and more attentions (Edwards et al. 2015; Knee et al. 2010). Some studies 
reported that caffeine have documented in estuaries, bays and coastal oceans at a low 
concentration, and caffeine may persist in marine systems, which may become a 
problem in the future (Rey et al. 2012). There are more than 60 kinds of plant species 
have caffeine, but the majority of caffeine-producing plants lived in tropical areas, it is 
impossible for these plants affect the marine systems all over the world. Thus, the 
source of caffeine found in marine systems was primarily anthropogenic (Buerge et al. 
2003; Barone & Roberts 1996). The majority of caffeine was in effluent discharged 
from wastewater treatment plants, directly or via streams and rivers draining to the 
coastal waters (Buerge et al. 2006; Peeler et al. 2006; Nakada et al. 2008). 
Caffeine is widely used as a kind of stimulant, with the intake of caffeine, people 
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would have a higher metabolic rate, and it will increase the sodium and water excretion 
(Massey & Wise 1992). With the higher metabolic rate, urinary calcium excretion and 
intestinal calcium secretion are also happened (Heaney & Recker 1982). And Caffeine 
can affect aquatic life in a similar way (Capolupo et al. 2016). 
Marbled flounder always spawns and reproduces in spring at coastal waters (Wang 
et al. 1999), where the caffeine usually documented. The intake of caffeine may cause 
a loss of calcium of juvenile fish, and calcium is closely correlated to the formation in 
otolith, that the effect of caffeine may be found in otolith formation. The main objective 
of this chapter is to investigate whether the caffeine affects the formation of otolith 
kernel, and if so, how can caffeine influence the formation pattern in the otolith kernel 





4.2 Materials and methods 
 
 
4.2.1 Samples collection 
The rearing experiments in this chapter were conducted in the Faculty of Agriculture at 
Tohoku University. 
All the samples used in the rearing experiment were collected from the Kudamatsu 
Fisheries Research Center (Yamaguchi Pref., Japan). 
The samples used in this chapter were same as Chapter 3, and the experiment was 
conducted after the experiments of Chapter 3, that all the samples were reared in lab at 
room temperature and salinity of about 28 psu for approximately 5 months. The average 
total length of samples in the last rearing experiment of Chapter 3 was used as the 
beginning size in this chapter, which was 37.13 mm. 
 
4.2.2 ALC mark and rearing experiment 
ALC marking treatment was used in this research in order to mark the beginning of 
rearing experiment. 
After the rearing experiments of Chapter 3, the remained samples were marked 
using ALC with the same methods of Chapter 2 and 3. And after 24-hour ALC treatment, 
all the samples were reared for another two days, waiting for the rearing experiment. 
After the two-day ALC mark formation in otolith, a total of 30 individuals were 
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divided into 3 plastic aquarium tanks, each tank had 10 fish. All the juvenile fish were 
reared at room temperature of 17 ℃ and salinity of 28 psu. In order to research the 
effect of caffeine, each tank was reared in different caffeine concentration. There was 
no research about caffeine in marbled flounder, and for the other fish species, such as 
Leuciscus idus, the LC50 of caffeine in this species was 87 mg/L for 96 hours (SIAM 
2002). Although the caffeine concentration limit was reported at 50 ng/L (Zoe et al. 
2012), in order to have a clear and distinguishable results, we designed the rearing 
experiment in an extreme environment for samples. To avoid too many deaths during 
the experiment, we chose 20 mg/L as the highest concentration, group 2 was 10 mg/L, 
and group 3 was clean water of 0 mg/L (Table 4-1). During the rearing experiment, 
seawater was replaced by 50% twice a week, fish were fed twice a day with plenty of 
dry pellet at 10:00 am and 15:00 pm, light period was also kept in 8 hours every day, 












Table 4-1 Experimental settings of caffeine concentration (mg/L) in the rearing 












Group Caffeine concentration 
Length of experiment 
(days) 
1 20 60 
2 10 60 
3 0 60 
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4.2.3 Microscope slides preparation, observation and SEM 
analysis 
All the otolith removed from the blind side were mounted on the glass slides upside 
down with epoxy resin, after one-night solidification, the glass slides were polished 
until the core zone revealed using sandpaper.  
The glass slides were observed using UV light microscope with a WIG filter, after 
determining the ALC marks at the beginning of rearing experiment, the slides need to 
be observed using normal optical microscope to determine the formation type in otoith 
kernel during the experiment. 
In order to compare the difference in the surface structure of otolith, the slides were 
immersed in HCl with the concentration of 0.2 molar for 30 seconds, cleaned with 
distilled water, and air dried, after that, the slides were observed using SEM to confirm 
the different crystal structure among different groups. 
 
4.2.4 Data analysis 
In order to analyze the data collected in rearing experiment, Microsoft Excel soft was 
used to process the analysis, and all the graphs and tables were created using Microsoft 






4.3.1 Somatic and otolith growth 
After the 60-day rearing experiment, three deaths were found in group 1, only one death 
found in group 3, and during the whole experiment, there was no fish died in group 2. 
The somatic growth of fish in the experiment were calculated using the average 
total length in Chapter 3 as the beginning of the rearing experiment. The best growth 
was found in group 2 with 43.36 mm, but for the average somatic growth, group 2 was 
obviously better than both group 2 and 3, and there was no difference between group 2 
and 3 in somatic growth (Table 4-2). 
For the growth of otolith, due to the unclear ALC mark in this experiment, the ALC 
marks in some of the samples could not be determined, that we assumed before the 
rearing experiment begun, all the samples had the similar size in their otoliths, and we 
used the final size of otoliths as the growth of otolith during the experiment. The best 
growth was found in group 3 with 2.23 mm, while the best average growth in otolith 
was group 1 (Table 4-2). Growth in group 1 was slightly better than group 2 and 3 (p > 
0.05).  
Both in somatic and otolith growth, group 1 had the best average growth, and the 





















Table 4-2 Somatic growth and otolith growth of marbled flounder during the rearing 
experiment (mm). 
 
Group Total length Somatic growth Otolith growth 
1 71.68 ±3.97 34.55 2.08 ±0.09 
2 65.21 ±7.46 28.08 1.92 ±0.14 
3 64.4 ±8.36 27.27 1.91 ±0.21 
 










Fig. 4-1 (A) Somatic growth in total length of marbled flounder during the rearing 





4.3.2 Formation of otolith kernel and surface crystal structure 
In order to determine the formation in otolith kernel during the rearing experiment, 
ALC mark was determined using a UV light microscope, and then observed using a 
normal optical microscope to analyze the formation type in otolith kernel (Fig. 4-2). 
 From the results in this chapter, both group 1 and 2 formed opaque zones at the 
otolith margin, and group 3 formed as translucent zone (Fig. 4-2). Which indicated that 
caffeine in water may affect the otolith kernel, caused the opaque zones formed in 
otolith kernels. 
 Both group 1 and 2 formed as opaque zones at the otolith margin, but otoliths in 
group 1 were obviously bigger than those in group 2, in order to investigate the 
difference between these two types of opaque zones of different groups, SEM was used 
to take photographs for analysis, and the otoliths in group 3 were also observed using 
SEM. The results showed that in the growth part of otolith, higher concentration of 
caffeine caused a smoother surface of opaque zones than that in a lower concentration 
of caffeine. And otoliths at 17 ℃ without any caffeine just formed as translucent zones 









Fig. 4-2 Photographs of otoliths in each group under optical microscope and SEM. 






4.4.1 Effect of caffeine on the growth of marbled flounder and 
otolith 
In this chapter, both fish body and otolith had a better growth in 20 mg/L caffeine. 
Similar to human, for fish, caffeine is also a kind of stimulant, promotes hormonal 
secretion, changes biochemical and physiological parameters (Caravan et al. 2016; 
Johnston et al. 2003; Wu 2014). Different from human and other animals, caffeine 
affected fish mainly on nervous systems (Floyd 1931), and the central nervous system 
influenced metabolic rate by stimulating glycogen decomposition in fish, which caused 
the increase in glucagon levels in plasma (Knauf et al. 2008). Higher metabolic rate 
may cause more energy cost, and a better feeding rate, in which finally caused a better 
growth in fish body. 
And for otolith, higher metabolic rate caused a higher oxygen consumption, there 
was a research showed that the otolith increment was positively correlated to oxygen 
consumption, and the growth of otolith was controlled by metabolic rate (Wright 1991). 
Otolith in high metabolic rate will have bigger size, which was similar to the results in 
this research, caffeine caused higher metabolic rate and formed a bigger otolith. It also 
explained the variation in the somatic growth and otolith in Chapter 2 and 3, that the 




4.4.2 The formation pattern of otolith kernel 
In this chapter, fish reared in high concentration of caffeine had the best growth in 
otolith, and otolith formed opaque zones during experiment. This result was different 
form the assumption in Chapter 3, that otolith formed as translucent zone in good 
growth. 
In high caffeine concentration, the intake of caffeine would increase urinary 
excretion of calcium of fish body (Massey & Wise 1992), and the caffeine also caused 
reduction in renal reabsorption (Bergman et al. 1990). With the calcium loss, more 
organic substances deposited in the otolith than calcium carbonate, which caused the 
formation of opaque zones, and the higher metabolic rate caused better growth in otolith 
size. The result indicated that higher metabolic rate can help otolith grow better, and 
the amount of calcium in endolymph fluid affected the translucent-opaque zones 






Otoliths analysis is a very important and accurate tool in marine biological and fishery research. In 
marbled flounder, otolith morphological analysis is an easy-to-use and low-cost method to 
investigate the growth and early-life stage environmental experience. The analysis of otolith 
formation pattern and the greyscale values of marbled flounder in this research provided a new 
insight of the application of otolith. 
As a traditional use of otolith, determine the age of fish by counting the annual ring structures 
on the otolith was conducted in studying the age and growth of marbled flounder. To compare the 
difference in the age and growth of marbled flounder around Japan, age data and some somatic data 
such as total length and body weight were analyzed using existed growth model, the results showed 
significant difference among different populations. And the research in the shape and size of otolith 
also showed a wide variation in the kernel zones among each population. Compared the results in 
this research and the field studies, water temperature and food availability were the most relevant 
factors influenced the growth of marbled flounder, while the different types and ratio of fishing 
gears used in samples collection may cause the remarkable difference in body size compositions of 
each sampling area. 
Due to the lake in the information of food for marbled flounder such as crustaceans or 
polychaetes from sampling areas, and most of the samples were collected from seawater with similar 
salinity, the reason why there was such a wide variation in the kernel size of otolith was suggested 
as the factors of different water temperature. By designing a rearing experiment of different 
temperature, the results in this research showed that in the higher temperature, otolith of marbled 
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flounder formed as translucent zones, and in lower temperature it formed as opaque zones with 
denser structure. There were many researches about the thermal mark used in the research of otolith 
as a easy and clear marking treatment (Bergstedt et al. 1990; Volk et al. 1999), which were based on 
the formation patterns of daily increment in otolith (Mosegaard et al. 1987), that was a low-cost and 
little-damage method to tag the otolith of fish, but in marbled flounder, otolith kernel formed during 
the early-life stage displayed a complex deposition pattern, and by observing the kernel zones of 
otoliths from field sampling, the daily rings were invisible, the increment rings were visible in 
otolith outer than kernel zones, and they were obviously daily increment rings, which indicated that 
the formation pattern in otolith kernel may be different from other species, that the thermal shock 
in otolith kernel cannot create such a thermal mark like other species, it can be confirmed by 
designing another rearing experiment with two to three days of temperature fluctuation in the future, 
to show that whether the thermal shock works in formation of otolith kernel of marbled flounder. 
Besides temperature, salinity was another important factor influenced the otolith kernel 
formation. Results in this research showed that otolith at lower salinity formed as translucent zones, 
and opaque zones were formed at higher salinity. Comparison between salinity and temperature 
indicated that the otolith was more affected by temperature than salinity. The results of Chapter 2 
and 3 showed that the growth and formation of otolith were different from fish body. 
Caffeine was another interesting factor that attracted our attention. By conducting a rearing 
experiment, the otolith kernel was also influenced by caffeine concentration. In which high caffeine 
concentration caused the opaque zones formation and higher growth rate in both otolith and fish 
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